Despite the paradigm that carbohydrates are T cell-independent antigens, isotype-switched glycan-specific immunoglobulin G (IgG) antibodies and polysaccharide-specific T cells are found in humans. We used a systemslevel approach combined with glycan array technology to decipher the repertoire of carbohydrate-specific IgG antibodies in intravenous and subcutaneous immunoglobulin preparations. A strikingly universal architecture of this repertoire with modular organization among different donor populations revealed an association between immunogenicity or tolerance and particular structural features of glycans. Antibodies were identified with specificity not only for microbial antigens but also for a broad spectrum of host glycans that serve as attachment sites for viral and bacterial pathogens and/or exotoxins. Tumor-associated carbohydrate antigens were differentially detected by IgG antibodies, whereas non-IgG2 reactivity was predominantly absent. Our study highlights the power of systems biology approaches to analyze immune responses and reveals potential glycan antigen determinants that are relevant to vaccine design, diagnostic assays, and antibody-based therapies.
INTRODUCTION
The immune system is an integrated network of molecular and cellular players that together maintain host integrity and respond adequately and efficiently to a diverse range of exogenous or endogenous, autoimmune, or damage-associated challenges. The need for systems biology and interdisciplinary approaches to explore these complex immunological networks has been identified and resulted in the establishment of a number of consortia worldwide that aim to pursue this promising research strategy (1, 2) . Indeed, the use of systems approaches, either alone or in combination with traditional reductionist strategies of molecular biology, has not only led to major advances in immunology and vaccinology (3) but also raised evidence challenging current concepts in these fields. Notably, contrary to the paradigm that carbohydratespecific antibody responses are T cell-independent, data raised by a systems-level approach using blood transcription module (BTM) analysis indicate that CD4 + T cells are involved in the generation of carbohydrate-specific antibodies after glycovaccination (4) . This is consistent with our previously reported observation that the human repertoire of carbohydrate-specific antibodies contains a broader than expected spectrum of isotype-switched immunoglobulin G (IgG) molecules that are not restricted to the IgG2 subclass (5) .
In light of the abundance and diversity of microbial carbohydrate moieties on structural compounds, such as lipopolysaccharides or peptidoglycans and capsular antigens, or on secreted exopolysaccharides, increased focus has been placed on the glycomic aspects of humoral immunity by studies in microbiology and vaccinology. Protective immunity through antibodies specific for microbial carbohydrate epitopes can be achieved by immunization with polysaccharide or glycoconjugate vaccines (4, 6) . Recent glycovaccines have played an important part in preventing infectious diseases caused by virulent pathogens such as Haemophilus influenzae, Neisseria meningitidis, and Streptococcus pneumoniae (4, 6, 7) . Although low immunogenicity and hyporesponsiveness represent one major limitation of pure polysaccharide vaccines, improved vaccine efficacy achieved by conjugation of polysaccharides to immunogenic carrier proteins, intended to augment T cell responses, comes at the cost of a lower number of serotypes that, for technical reasons, can be included (8, 9) . Furthermore, conjugate vaccines have a number of other limitations, such as serotype replacement, increased frequency of colonization with other respiratory pathogens, serotype-specific immune hyporesponsiveness, and high costs of manufacture (8) . Furthermore, the immunogenicity of glycovaccines has been variable depending on the structure of the particular polysaccharide in a given construct (10, 11) . Decoding the structure-immunogenicity relationship of glycans might facilitate the design and development of more potent and immunogenic glycovaccines and promote predictions as to the immunogenicity of a given vaccine.
Host immunity also appears to be shaped by immunomodulatory effects of commensal-expressed polysaccharides of the microbiota (6). Preexisting antibodies might limit disseminated infection after disruption or leakage of the epithelial barrier. However, because carbohydrate epitopes are widely expressed on host tissues, effective mechanisms must be in place to protect against autoimmunity. Aberrant antibody responses to carbohydrate antigens have been observed in autoimmune diseases, such as systemic lupus erythematosus and systemic sclerosis, and may play a pathogenetic role in certain autoimmune diseases (12) .
Autoantibodies in healthy individuals are thought to promote tissue homeostasis and healing. This repertoire of autoantibodies is characterized by modular organization in healthy adults after ontogenetic maturation (13) . It will be relevant to understand the repertoire of carbohydrate-specific antibodies because glycans and glycan-protein interactions play a central role in multiple biological processes such as immunomodulation (14) (15) (16) (17) , infection (18, 19) , and cancer (20) (21) (22) (23) . For instance, tumor-associated carbohydrate antigens (TACAs) are essentially self-antigens that serve as well-known tumor markers and have been shown to influence tumor immunosurveillance by direct interaction with carbohydrate-binding receptors (lectins) on immune cells (22) . Tissuespecific glycans of the host are specifically recognized by microbial lectins, including viral hemagglutinins or bacterial fimbriae and pili, which determine the tissue tropism of both commensals and pathogens (18) . Glycan-protein interactions serve as the most common means of microbial adhesion, a prerequisite of microbial colonization or infection (18) . However, deciphering the repertoire of carbohydrate-specific autoantibodies might reveal unknown functions in human physiology, in disease or in host-microbial interactions, which might be diagnostically or therapeutically exploited (24) .
Glycan array technology is a powerful tool to study protein-carbohydrate interactions on a large scale, and has been used by us and others to examine glycan-binding profiles of immunoglobulins from healthy donors (5, (24) (25) (26) . However, in these studies, only a limited number of either immunoglobulin preparations or glycans were analyzed, without use of systems-level computational tools. Here, we performed a broad and comparative systems-level analysis of intravenous and subcutaneous immunoglobulin (IVIG/SCIG) preparations from different manufacturers using glycan array version 5.1 of the Consortium for Functional Glycomics (CFG) with 610 immobilized glycans, and publicly available databases were used to deduce networks of immunoglobulins with specificity for biologically relevant glycans, including microbial antigens, microbial host attachment sites, TACAs, blood group antigens, and known ligands of immune receptors. Given that IVIG/SCIG represent plasma pools from thousands of healthy donors reflecting the antibody repertoire of the donor population, and these preparations are increasingly used as a high-dose therapy to treat inflammatory disorders even as off-label indications, the obtained information not only is important to clinicians, health institutions, and plasma manufacturers but also reveals insights into aspects of humoral immunity that have biological significance and potential implications for diagnostics and the design of glycovaccines. However, the study design does not allow conclusions to be drawn on the quality of the analyzed commercial preparations in terms of clinical efficacy or specific manufacturing processes.
RESULTS
Broad carbohydrate reactivity in IVIG/SCIG Commercial IVIG or SCIG immunoglobulin preparations (table S1) were evaluated by CFG glycan array version 5.1 analysis for specific IgG antibody binding to 610 distinct glycans. Consistent with our previously published work (5), a concentration of IVIG/SCIG (180 mg/ml) was determined to be optimal and resulted in reproducible glycanbinding patterns with minimal background. Raw data are presented in Fig. 1 and  fig. S1 ). The maximal antibody-binding levels were similar among most IVIG/SCIG preparations [95th percentile value range, 2099 to 3508 relative fluorescence units (RFUs)], except that Sandoglobulin exhibited slightly higher binding (95th percentile value, 4942 RFUs). Further analysis revealed that the broader range of glycans recognized by Sandoglobulin compared to other preparations is due to a larger proportion of glycans exhibiting high positive responses, but not a result of glycans with intermediate or low antibody-binding reactivity ( fig. S2 ). The broader binding profile signature of Sandoglobulin might be linked to methodological differences during the fractionation process (27, 28) . However, comparison of the different production processes identified no obvious reason that would account for these differences. Again, there was no impact on clinical efficacy.
Although long-standing doctrine suggests that among IgG subclasses, IgG2 most commonly binds to carbohydrate epitopes (29, 30) , we previously reported that the human IgG repertoire contains a broad range of anti-carbohydrate antibodies that are not restricted to the IgG2 subclass (5) . To identify the relative contribution of IgG2 subclass antibodies to glycan binding, we screened a well-characterized preparation on the microarray, that is, Sandoglobulin that had been depleted of IgG2 by affinity chromatography (5) . Only 104 glycans (17.05%) were recognized by IgG2-depleted Sandoglobulin compared to the 381 (62.46%) bound by the nonadsorbed preparation.
Universal architecture and modular organization of the carbohydrate-specific IgG repertoire Hierarchical clustering analysis was performed to compute the reactivity matrix of the immunoglobulin preparations as depicted in Fig. 2A . The rows in this matrix represent the antibody reactivity profiles (reactivities of one specific glycan antigen for the different immunoglobulin preparations), and the columns indicate the immune profiles of each IVIG/SCIG preparation. The matrix is reordered by a dendrogram clustering algorithm (13) . The dendrogrammed reactivity matrix in Fig. 2A indicates the reduced antibody-binding profile of IgG2-depleted Sandoglobulin when compared to the other preparations, thus illustrating the dominant, yet not exclusive, role of IgG2 class antibodies for carbohydrate epitope recognition. At the next level of the hierarchical tree, the glycan-binding profile of Sandoglobulin displayed a broader spectrum of glycan reactivity than the other preparations.
Given that our IVIG/SCIG preparations differed in terms of manufacturer, purification technique, and donor population, we further compared the antibody glycan recognition patterns. Figure 2B shows the correlation matrix as computed by Pearson correlation analysis. High correlations of the glycan-binding profiles (r 2 = 0.7024 to 0.9419) were observed for all preparations, but lower for Sandoglobulin. The glycan recognition patterns produced by Sandoglobulin, Privigen, Gamunex, Intratect, and Hizentra revealed that most glycans were recognized either by IgG antibodies in all five preparations (30.00%) or by none (26.56%). Twenty percent of glycans were bound only by antibodies in one specific IVIG preparation ( fig. S3 ). However, if Sandoglobulin was excluded, the percentage of single positive glycans was lower (8.36%), whereas the number of glycans recognized either by the total (34.75%) or by none (41.31%) of the preparations increased. These findings might be linked to methodological differences during the fractionation process. However, there is no indication that these differences affect clinical efficacy. Furthermore, the highly correlated immune profiles of the five immunoglobulin preparations point to a universal architecture of the IgG repertoire of carbohydrate-specific antibodies between the different donor populations.
Relationship between structural features and immunogenicity of glycans Performing hierarchical clustering analysis, four major subgroups of IgG antibodies with highly correlated reactivities (13) were identified in the repertoires of the IVIG/SCIG preparations (Fig. 3A) . Only subgroup 4 and its three associated subordinate groups (4.1.1, 4.1.2, and 4.2), which encompassed 35.41% of the printed glycan specificities, exhibited positive antibody results (Fig. 3B) . Next, we explored to which extent the terminal carbohydrate moiety might correlate with the immunogenicity of the glycans. Structures with terminal mannose or Neu5Gc were only poorly represented in clique 4 ( Fig. 3C ), and they were absent or scarce in clique 4.2 that was associated with highest immune reactivity (Fig. 3D) . Similarly, only a minority of carbohydrates containing terminal Neu5Ac, which is highly expressed at the terminal position of human glycoproteins and glycolipids (14, 31) , were found in clique 4, and only few distinct structures were present in clique 4.2. These findings suggest that tolerance mechanisms exist in healthy individuals that preclude generating adaptive immunity to glycan structures containing these terminal carbohydrate moieties. Indeed, Neu5Ac is a self-antigen that is ubiquitously expressed as the terminal moiety on many glycoproteins and glycolipids in human tissues, whereas Neu5Gc is a structurally related carbohydrate in nonhuman species (14) . Diet-induced uptake of Neu5Gc and incorporation in human tissues as "xeno-autoantigens" may lead to an inflammatory condition called "xenosialitis" that has been associated with an increased risk of cancer (32) . Anti-Neu5Gc antibodies in pooled human IgG have previously been described (33, 34) . Indeed, we consistently observed intermediate signal intensity to one particular Neu5Gc-terminal structure (#556: Neu5Gca2-8Neu5Gca2-6Galb1-4GlcNac) for most IVIG/SCIG preparations. In contrast, reactivity to other Neu5Gc-terminal glycans on CFG glycan array version 5.1 was low even for bacterial antigens
In contrast, glycans with terminal fucose, galactose (Gal), Nacetylgalactosamine (GalNAc), glucose, and N-acetylglucosamine (GlcNAc) were abundantly represented in clique 4 ( Fig. 3C ). Most predominant in clique 4.2 were structures with terminal Gal (42.86%), its N-acetylated form GalNAc (14.26%), and GlcNAc (Fig. 3D) , reflecting the high immunogenicity of carbohydrates with these terminal moieties. Together, these results suggest that the chemical structure of the terminal carbohydrate moiety has an impact on glycan immunogenicity and hence the IgG immune profile of healthy donors.
IgG-mediated reactivity to glycans associated with microbial antigens and host attachment sites Next, we determined the identity, biological source, and known function of the glycans recognized by the antibodies in the IVIG/SCIG. Of the 610 glycans on the microarray, 117 structures were defined as bacterial antigens by comparison to glycans in Bacterial Carbohydrate Structure Database (BCSDB). Figure 4A illustrates the computed reactivity matrix for the different immunoglobulin preparations. At least one-third of these bacterial glycans were recognized by IgG antibodies in the IVIG/SCIG. Depletion of IgG2 resulted in a considerable loss of binding to bacterial and to all printed glycans ( Fig. 4A ) with distant reactivity signature as calculated by the dendrogram clustering algorithm (Fig. 4A) . Sandoglobulin exhibited the widest spectrum of activity on glycans associated with bacteria (59.82% of bound bacterial glycans), forming an immune profile in the dendrogrammed matrix that is hierarchically distant from the other IVIG/SCIG preparations (Fig. 4A) .
Bacterial glycans recognized by IVIG/SCIG included components of structural and capsular polysaccharides or exopolysaccharides of both commensal and pathogenic bacteria ( fig. S5 ). These are composed of predominantly Gal-terminated structures (60.00% of the top 20 recognized carbohydrate epitopes). In contrast, nonrecognized bacterial structures frequently exhibited N-acetylneuraminic acid (Neu5Ac)-terminated glycans, a common feature of human glycoprotein and glycolipid structures and self-antigens (14, 31) . The recognized bacterial structures included oligosaccharides of Escherichia coli; lipopolysaccharides of Helicobacter pylori, Acinetobacter baumannii, H. influenzae, or E. coli; capsular polysaccharides of Streptococcus thermophilus and S. pneumoniae; as well as lipooligosaccharides and lipopolysaccharides of Neisseria gonorrhoeae and Proteus penneri or extrapolysaccharides of S. thermophilus and Lactobacillus reuteri. Besides bacterial glycans, antibodies in IVIG/SCIG also detected glycans expressed by other eukaryotic microorganisms, such as Leishmania major #100 (Gala1-2Galb) and Trypanosoma cruzi #118 (Gala1-3Galb) glycoconjugates ( fig. S5) .
Epithelial mucosal surfaces, like all cells, are covered by a dense layer of polysaccharides or glycoproteins, the so-called glycocalyx. Adhesion to distinct host glycans is the prerequisite for microbial colonization or for most infectious diseases (18, 19) . Specific carbohydrate attachment sites serve as ligands for viral and bacterial hemagglutinins, adhesions, and lectins, which determine the tissue tropism of microbiota or infectious agents (18, 19) . Given that IgG, similar to secretory IgA or IgM (35) , has been shown to reach mucosal surfaces, such as within the gut, oral cavity, and urinary tract (36) , we set out to analyze binding capacities of IVIG/SCIG preparations to specific carbohydrate structures that represent well-known microbial attachment sites. Most of these attachment sites were similarly bound by the various IVIG/SCIG preparations (Fig. 5A) , as seen for attachment site glycan #36 in the genital tract for N. gonorrhoeae, the attachment site in the respiratory tract for Streptococcus suis #122, the intestinal attachment site for Shigella dysenteriae #145, or attachment sites for Coronavirus #393, Rotavirus #501, and Norovirus #374, the latter of which are the most common cause of gastroenteritis outbreaks and causing challenging infections in immunocompromised patients (37, 38) . Most, but not all, antibodies binding to viral or bacterial attachments sites appear to be IgG2 antibodies.
Several bacterial toxins are lectins that bind to host carbohydrate structures, including cholera toxin of Vibrio cholerae, Shiga toxin produced by S. dysenteriae type 1, and the homologous Shiga-like toxins (SLTs) of E. coli, also called verotoxins (39, 40) . Specific IgG antibodies to the carbohydrate-binding site #122 (Gala1-4Galb1-4Glcb) of Shiga toxin and the E. coli SLT-I and SLT-II toxins were detected in all preparations with the exception of IgG2-depleted Sandoglobulin (Fig. 5B) . In contrast, none of the preparations contained IgG antibodies to the glycan-binding site #144 [Galb1-3GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb] of cholera toxin. These findings show that IVIG/SCIG preparations contain a broad panel of IgG antibodies with specificity for carbohydrate-binding sites of microorganisms and distinct clinically relevant microbial toxins.
Reactivity of IVIG/SCIG to endogenous glycan epitopes and immune receptor ligands Endogenous glycans (for example, blood group antigens, selectin and siglec ligands, tumor antigens, and host attachment sites for pathogens) have important biological functions that may influence pathogenic and clinically relevant processes. Figure 6 depicts IVIG/SCIG binding profile to distinct biologically relevant glycans on the CFG glycan array version 5.1. IVIG/SCIG are known to contain IgG antibodies against blood group antigens, and regulatory requirements are in place to control levels of these hemagglutinins to avoid adverse reactions in recipients (41) . In our analysis, variable binding intensities of antibodies to blood group antigens were detected among the different preparations. The RFU levels of antibody binding for Privigen, Intratect, and Hizentra against blood group A1 (glycan #82; RFUs, 1793 to 2290) and A2 (glycan #87; RFUs, 516 to 624) antigens were considerably higher than those of Sandoglobulin and Gamunex (A1: RFUs, 984 or 1095; A2: RFUs, 64 or 28, respectively). Although higher anti-A antibodies have been reported as a class effect for some IVIG preparations (42) , the RFU values reported here do not necessarily reflect the actual anti-A reactivity of preparations, because certain determinants, such as binding affinity, were not assessed. Moreover, binding levels against blood group B (glycan #107) did not considerably differ between the preparations (RFUs, 748 to 1068). Reactivity to ligands of selectins, C-type lectins, or siglecs was low or absent, which was not unexpected because of the self-antigenic nature of these endogenous molecules. One important exception was the binding of antibodies to the siglec ligands #11 (Neu5Acb), #117 (Gala1-3Galb1-4Glc), and #264 (Neu5Aca2-3Galb1-4Glcb). For glycans #11 and #264, BCSDB entries were found, suggesting that these glycans represent exogenous siglec ligands.
Presence of IgG but low frequency of non-IgG2 antibodies to TACAs in healthy individuals
Cancer cells frequently display altered surface glycosylation and a number of known TACAs (20, 21) . Highly positive IgG antibody binding to the TACA Forssman antigen, globo H, globoside, and GM3, and to a lesser extent to Lewis Y, was found in the analyzed IVIG/SCIG preparations (Fig. 6) . The recognition of TACA, with the exception of Globoside, was predominantly dependent on the presence of IgG2 antibodies. Highly positive binding to the T or TF (Thomsen-Friedenreich) antigen (Galb1-3GalNAca) was exclusively detected for Sandoglobulin. In contrast, IgG binding to most Lewis antigen-related TACA and gangliosides was low or absent. Together, these data demonstrate that IVIG/SCIG contains a broad range of anti-carbohydrate antibodies to 
DISCUSSION
Immunoglobulin preparations that are clinically used as IVIG or SCIG formulations contain the immunological repertoire of IgG antibodies of the donor population with trace amounts of IgM or IgA or IgE. Although most glycans are considered to be T cell-independent antigens (43), the present broad glycan analysis, using CFG glycan array version 5.1, revealed strong reactivity of IgG for at least one-third of 610 different glycans, including both IgG2 or non-IgG2 isotype-switched antibodies. This observation complements recent evidence provided by BTM analysis, which points to the involvement of CD4 + T cells in the generation of carbohydrate-specific antibody responses to polysaccharide vaccines (4). Indeed, the existence of polysaccharide-specific T cells has recently been reported in relation to TCRab (ab T cell receptor)-mediated recognition of the carbohydrate portion of glycoconjugates in the context of major histocompatibility complex class II (MHC-II); these T cells produce cytokines such as interleukin-4 (IL-4) and IL-2 that lead to consequent B cell maturation and production of carbohydratespecific IgG antibodies (44) . Conversion of glycans into T cell-dependent antigens may occur if the specific carbohydrate is coupled to a carrier (glycoconjugates) and is presented as a glycopeptide or glycolipid antigen to T cells (45) (46) (47) . However, in analogy to proteins, zwitterionic capsular polysaccharides from some bacteria can be processed and presented to CD4 + T cells by antigen-presenting cells in a MHC-II-dependent fashion (48, 49) . Alternatively, binding to certain glycan epitopes might result from cross-reactive antibodies originally raised to protein antigens. Indeed, use of peptide mimotopes as surrogates of carbohydrate antigens has been proposed as a promising strategy for vaccination (50) . Our analysis supports the hypothesis that the IgG2 subclass is more commonly, but not exclusively, associated with anticarbohydrate immune responses (5) and contradicts the notion that the humoral glycan-binding capacity of IgG is restricted to the IgG2 subclass (51) .
Strikingly, high correlations of glycan reactivities were identified for immunoglobulin preparations that are derived from different donor populations. Hierarchical clustering analysis revealed a modular organization of these immunoprofiles. Together, these observations point to a universal architecture of the human repertoire of carbohydrate-specific IgG. Because many printed glycans represent self-antigens, such uniform signature of the repertoire matches the concepts of a functional systems-level network organization of the autoantibody repertoire and the immunological homunculus hypothesis, suggesting that different individuals in similar physiological states share common features of their autoimmune repertoires (13, 52) . Not surprisingly, healthy individuals had low or absent titers of antibodies against endogenous ligands for the immune receptors, including selectins, C-type lectins, and siglecs. Important exceptions were some distinct siglec ligands that do not represent exclusive autoantigens but are also expressed in bacteria. Notably, it has been reported that molecular mimicry of host sialylated glycans allows bacterial pathogens to engage inhibitory siglec receptors and dampen the innate immune response (53, 54) . On the other hand, the similarities of reactivity to non-self-antigens, eventually induced by previous infection or vaccination, implies that humoral immune responses to carbohydrate antigens resulting in class-switched IgG antibodies must follow relatively uniform modes of events that finally determine the immunogenicity of a specific glycan.
Whether there are universal predictors of vaccine-induced immunity remains a central question in vaccinology (4) . It has been realized that responses to pure polysaccharide vaccines are difficult to induce, and hyporesponsiveness or immune tolerance to repeated vaccination with polysaccharide antigens was already described by Felton and Bailey in 1926 (55) . To date, hyporesponsiveness remains a limitation of clinically used polysaccharide vaccines, including the pneumococcal polysaccharide vaccine (PPV) PPV23, and the nonconjugated polysaccharide meningococcal and Haemophilus vaccines (8, 9, 56) . Chemical conjugation of polysaccharide antigens to a carrier protein, such as for pneumococcal conjugate vaccines (PCVs), is thought to improve vaccine efficacy because of commitment of supportive T cell responses. In light of the prolonged persistence of polysaccharide antigens in vivo, it has been postulated that the high content of polysaccharide required for vaccination with PPV23, at least 575 mg as compared to <20 mg in PCV7, may be responsible for the phenomenon of hyporesponsiveness, by a mechanism that involves depletion or exhaustion of the B cell pool, that is, distinct memory and B1b cell subsets, due to chronic antigen stimulation (56) . Our analysis revealed modular organization and a nonrandom association of specific glycan structures with antigen reactivity that are dependent on structural features, that is, the terminal carbohydrate moiety. The absent or low representation of glycans with terminal Neu5Ac, Neu5Gc, and mannose in clique 4 (positive binding) of the hierarchical clustering analysis suggests that tolerance mechanisms that limit the generation of IgG antibodies to these structures must exist. Yet, in agreement with previous reports, we found binding activity to certain Neu5Gc-xenoglycan structures, which may result from antibodies induced via dietary Neu5Gc uptake by commensal bacteria (33, 34) . In contrast, high immunogenicity was observed for glycans with terminal Fuc, Gal, GalNAc, and GlcNAc, the latter three forming most glycans found in clique 4.2 (highest antigen reactivity). Given the uniform and modular organization of the IgG repertoire of carbohydrate-specific antibodies, it is tempting to speculate that the recognition of an association between structural characteristics and immunogenicity of glycans has critical implications for the prediction of vaccine-induced immunity and for the rational design of new-generation vaccines against emerging infections. Our findings suggest that modification of glycan substructures of vaccine antigens by enrichment with immunogenic or avoidance of tolerogenic carbohydrate moieties might enhance the efficacy and potency of wide-spectrum polysaccharide vaccines such as PPV23 and reduce the frequency of patient hyporesponsiveness induced by excessive amounts of polysaccharides (56) .
In an era of antibiotic resistance, viral pandemics, and insufficient control of certain infectious diseases, alternative anti-infectious strategies, such as therapies interfering with pathogen adhesion, might provide a valuable option for prevention or adjuvant therapy of local or systemic infectious diseases (18, 19) . Glycan-based antiadhesive strategies are being tested in preclinical and clinical studies for the prophylaxis of infection or as combination therapy for antimicrobial treatment (18, 19, 57) . Inhibition of cell adhesion due to the presence of antiadhesive IgG antibodies to protein antigens in IVIG has been reported and may contribute to its immunomodulatory effects (58) . Our glycan array analysis revealed that IVIG/SCIG preparations contain antibodies not only to structural components of commensals or pathogenic microorganisms but also to known mammalian glycan attachment sites for bacterial and viral pathogens. Multivalent antibodymediated targeting of attachment sites by IVIG/SCIG might overcome limitations of current antiadhesive strategies that have been hampered by the multiplicity and redundancy of microbial adhesion mechanisms, as well as the low affinity of glycan-protein interactions (18, 19) . Strikingly, we also detected IgG antibodies binding to the glycan moiety (#122) of glycolipid Gb3 that acts as mammalian cell binding site of Shiga toxin secreted by S. dysenteriae type 1, as well as of the verotoxins SLT-I and SLT-II of E. coli (39) . The origin of these antiadhesive IgG antibodies remains unclear, but they might consist of "natural antibodies" (13, 59) , anti-idiotypic antibodies (60), or cross-reactive antibodies. Because IgG can be detected on mucosal surfaces (36) and further IgG molecules might reach body surfaces after leakage of the epithelial barrier, antiadhesive IgG may act in concert with antibodies to microbial epitopes to maintain host defense against infection or to shape the microbiota on body surfaces, for example, by glycan-selective and antiadhesive pressure.
Distinctly glycosylated tumor antigens are diagnostically exploited as tumor markers (for example, CA125, MUC1, CEA, and CA19-9). TACAs on the array were recognized with different reactivity by IVIG/SCIG, but specific glycans were bound with similar reactivity by most preparations. TACAspecific antibodies in IVIG preparations have previously been reported, and a GD2 peptide mimotope was used for affinity chromatography to enrich specific antibodies in Gammagard more than 10 times (26) . Given that most TACAs represent autoantigens, the low level of reactivity to certain TACA was not surprising and reflects their potential as biomarkers for the detection of cancer. With the exception of Globoside, the antibody reactivity to TACA was mediated by IgG2 antibodies. This suggests that the search for diagnostic tumor markers should also include non-IgG2 antibodies of the IgG class.
Our findings highlight the utility of systems biology approaches to decipher the complexity of humoral immunity networks. The use of a high-throughput glycan array technology, however, does not overcome the need of subsequent functional experiments to confirm certain results. The use of the enlarged V5.1 glycan array allows for an efficient first screening for glycan reactivity patterns, which then serve to direct future experimental validation of immunogenic versus tolerogenic terminal glycans. Glycans in vivo may exhibit additional three-dimensional configurations, and certain protein-glycan interactions might be underestimated in glycan array screening assays. Furthermore, minor differences between various commercially available IVIG/SCIG products in this analysis may not translate into clinical effects. Given the broad repertoire of carbohydrate-specific antibodies to biologically relevant glycans and the aberrant glycan-specific humoral immunoprofile in autoimmune disease (12) and eventually in immunodeficiency, it is conceivable that the reconstitution of a normal repertoire using SCIG/IVIG might contribute to their beneficial effects (61) . The identification of universal correlates of immunogenicity has implications for the prediction of immune responses and for a rational design of future vaccines. The reported findings might pave the way to improved and broader glycan-based diagnostic and therapeutic applications and to a better understanding of humoral immunity.
MATERIALS AND METHODS

Study design
This nonrandomized study was designed to investigate the human IgG anti-carbohydrate repertoire using glycan array technology combined with a computational systems-level approach. The commercial IVIG/SCIG products were blinded and screened using CFG glycan array version 5.1, whereby glycan binding was assessed at least six times for each sample. The computation and statistical analysis of the data were performed as described.
Reagents
The IgG preparations used in this study included Sandoglobulin, Privigen, Hizentra, Cytogam, and Rhophylac (CSL Behring AG); Gamunex (Talecris Biotherapeutics); and Intratect (Biotest). Sandoglobulin and Privigen (IgG content, ≥98%) contained ≤2 and ≤0.01% IgA, respectively, and only traces of IgM, IgD, and IgE (as reported by CSL Behring AG). The IgG subclass composition of Sandoglobulin was analyzed by nephelometry (Quest Diagnostics) and contained principally IgG1 (61%) and IgG2 (32%), with small quantities of IgG3 (5%) and IgG4 (2%). Privigen contained 66% IgG1, 29% IgG2, 3% IgG3, and 3% IgG4 (as reported by CSL Behring AG). To remove the stabilizing sucrose component of Sandoglobulin, dialysis was performed as previously described (62) . Further information on the immunoglobulin preparations is provided in table S2.
A control IgG preparation (IgG control mix) was made by mixing two monoclonal human myeloma proteins, IgG1l (67%) and IgG2k (33%), purchased from Sigma-Aldrich. This process resulted in a k/l ratio of 0.5, which is well within the range found in normal serum (0.26 to 1.65). Anti-human IgG monoclonal antibody (mAb) (clone HP-6043-Biot), recognizing all IgG subtypes, and streptavidin-Alexa 633 were purchased from Invitrogen, Life Technologies.
Glycan array analysis
The glycan microarrays from the CFG (www.functionalglycomics.org/ static/consortium/resources/resourcecoreh8.shtml) were prepared from amine functionalized glycan structures covalently coupled in microarrays to N-hydroxysuccinimide-derivatized microscope slides as previously described (63) . The IVIG preparations and mixed human myeloma IgG1 and IgG2 control were screened at 180 mg/ml for binding to glycans on CFG glycan array version 5.1 (610 different glycans) using anti-human IgG mAb at 5 mg/ml. Myeloma IgG (IgG control mix; see above) was used to determine the background level (95% percentile) (64) . The computed ABR represents the quotient of the respective sample RFU and the corresponding IgG control mix RFU (12) . Data are expressed as the mean of RFU or ABR values from six repeated experiments, if not indicated otherwise. Antibody-binding levels were arbitrarily defined on the basis of RFU levels above the 95% percentile control mix cutoff (RFU >10 SD: high positive; RFU 5 to 10 SD: intermediate positive; RFU 2 to 5 SD: low positive; RFU <2 SD: negative).
IgG2 depletion of IVIG IgG2 depletion was performed by column affinity chromatography as previously described (5) . More than 99% of the IgG2 was removed from the anti-IgG2 affinity column-adsorbed Sandoglobulin IVIG fraction as assessed by surface plasmon resonance (5).
Database search
The identity or characteristics of glycans were investigated by consulting the databases of the CFG (www.functionalglycomics.org/fg/) or PubMed (www.ncbi.nlm.nih.gov/pubmed/guide/). The online BCSDB was consulted to identify the bacterial origin of the glycans (http:// csdb.glycoscience.ru/bacterial/).
Statistical analysis
Heat map and hierarchical clustering were performed using "R" (The R Foundation for Statistical Computing, version 3.0.2), and statistical analysis and other illustrations were performed using Microsoft Excel (Microsoft Corporation, 2011, version 14.0.0) and GraphPad Prism (GraphPad Software Inc., version 6.0c). For clique distribution analysis, only groups with common terminal carbohydrate moiety were considered that are represented at least with 12 glycans (2% of total) on CFG glycan array version 5.1. For statistical analysis, a two-tailed unpaired t test was used.
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